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INTRODUCTION 1

The Naval Ordnance Laboratory wus assigned the task of pro-
viding a high intensity sound source for use as an evaluatlon tool to 1
track submerged submarines operating in MILS arrays which are low '
frequency narrow band detection systems. The source is to be used by
Commander Operational Test and Evaluation Force during the opexrational
phase Task III tests of the SUBROC weapon.

Pneumatic sources appear to be suitable for use aboard sub-
marines because they are reliable, capable of repetitive operation,
and are safe to operate. An experimental study was made to establish
the design characteristics of a pneumatic source which will operate
on a snbmarine at water depths of 500 feet or less and generate a
repetitive sound wave of 110 db re one pbar at one yard within the
frequency band of 5 to 50 cps.

Experimental Conditions

The acoustic measurements in shallow water were made at the
Patuxent River and the Chesapeake Bay in water depths of 110 to 156
feet. The acoustic measurements in deep water were made at sea off
the coast of Fort lLauderdale, Florida in water depths of 600 to 1000
feet. The receiving system used consisted of two or more piezo-
electric hydrophones coupled by appropriate electronic circuitry to a
multichannel magnetic tape recorder. The response of the system was
fiat from 5 to 5,000 cps., being limited at the lower end by the time
constant formed by the hydrophone capacitance and the input impedance
' of the cathode follower used to couple the hydrophone to the tape
ﬂ recorder, and at the higher .end by the frequency-modulated reproduce
electronics of the magnetic tape recorder. Filtering of the signals
in the 5-50 cps band was accomplished by passing the recorded signals
throug!: an electronic low-pass filter. For all measurements the
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hydrophones were oriented in the horizontal plane with the source at
distances of six inches to twelve feet from the origin of the sound
source.

For the tests in the MILS array, a pneumatic source was
suspended from the the USS SALINAN and operated at depths of 30 to 500
feet in the center of the array. The source was installed on the
USS SEA ROBIN (SS 407) and operated at depths of 57 to 400 feet with
the submarine running at speeds of 5 to 12 knots. The acoustic sig-
nals which were detected by the MILS hydrophones were recorded on
magnetic tape and direct-writing recorders at the Grand Turk shore
facility.

DESCRIPTION OF PNEUMATIC SOURCES

All pneumatic sound sources operate on the same principal,
i.e. a vclume of compressed air is released instantaneously to farm
an air bubble which oscillates and radiates acoustical pressure waves
in the water. The principle differences between types of pneumatic
sources are the mechanical techniques used to seal the moving parts,
ratio of chamber openings to chamber diameters, methods used to
release the compressed air, and the methods used to control the opera-
tion of the sources. Table 1 presents the mechanical characteristics
of ten pneumatic sources which were evaluated in this study. The
chamber volumes varied from 3 cu.ins to 436 cu.ins, The sources were
constructed of mild steel, stainless steel, aluminum, and aluminum
alloys. Lapped metal joints, rubber O-rings, teflon O-rings, and flat
polyurethane seals were used to seal the main chambers. The operating
chamber pressures varied from 200 psi to 2500 psi. Electric sole-
noids and threshold triggering were used to initiate the sources.

Photographs of two basic types are shown on Figure 1. The
NOL sound source WOX-l is shown on the left and the BOLT ASSOCIATES
Pneumatic Acoustical Repeater (°AR Model P-300) is shown on the
right. The WOX-1 source and a smaller version, the W0X-2, have the
same configuration and operate according to the same principles.
They differ only in size. WOX-1 has a main chamber volume of 40O
cubic inches and WOX-2 has a main chamber volume of 5.7 cubic inches.
Figure 2 is a sketch that applies to either source. The principle of
operation is as follows. Compressed air from the supply entering
chamber B drives the piston upward. First, the exhaust ports slide

past teflon O-ring E2 to seal bottom end of main chamber A. Then

teflon O-ring E1 slides past equalizing ports to seal access between

chambers A and C. The piston continues to move slowly as air trapped
in chamber C leaks out through the relief valve. Toward the end of

the stroke, Ports Dl and D2 slide over teflou U-rings E3. Air then

flows into chamber A through chamber B until both chambers reach the
supply pressure. The source is fired by opening the solenoid valve
CONFIDENTTIAL

2




Davidson
CONFIDENTIAL

and admitting air into chamber C. The piston begins to move downward

until the O-ring slides past the equalizing ports. The pressure in
chamber C rapidly = becomes equal to that in chamber A and the piston

is driven out with an initial force of

F, = (QA - PH) x (cross-sectional area of piston)

vhere PH is hydrostatic pressure and 3A is the pressure in chawmber A.

For the WOX-l the cross-sectional area of the Piston is 50 square
inches, hence, for (PA - H) = 1000 psi,

Fo = 5000 pounds. Such forces cause the piston to undergo

extremely high accelerations. The relative positions of O-rings El
and E2 are such that the piston travels for a short distance with
equalizing ports open so that when the exhaust ports slide past O-ring

E2 they do so with & high velocity and air is expelled rapidly to form

an oscillating bubble. As the piston moves downward, O-ring E3 passes
over the Ports Dl and D2 and air is trapped in chanber B. The poten-
tial energy stored in compressing this air serves to restore the
piston to the filling position. Both sources will operate at main
chamber pressures of 100 to 2000 psi.

A simplified sketch of the BOLT ASSOCIATES Pneumatic
Acoustical Repeater (PAR) is shown on Figure 3. The type 1 has a
volume of 3 cubic inches and the Model P-300 has a volume of 121 cubic
inches. Both models operate according to the same principles. The
cycle of operation of the PAR starts with the opening of the return
solenoid which allows compressed air to fill chamber B. The shuttle
is driven upward and presses on the front and rear polyurethane seals
simltaneously to form two closed chambers A and C. The air in
chamber B bleeds down to & pressure determined by the relief valve,
The £ill solencid is opened to £ill chamber A, The sealing diuameter
at the upper end of the shuttle is slightly greater than that of the
lower end. As the pressure in chamber A increases, the net force
tending to close the shuttle increases. The PAR is fired by opening
the trigger solenoid valve which allows air to anter chamber C until
the pressure in chamber C is equal to that in chamber A. At that time
the only forces acting to keep the shuttle up are the forces due to
the pressure in chamber B and the hydrostatic pressure acting on the
bottom of the shuttle. If the pressure in chamber A is larger than
hydrostatic, the shuttle will be forced downward rapidly &allowing the
air to escape through the exhaust ports. Compressed air trapped in
chamber B returns the shuttle immediately after chamber A has been
exhausted. The cycle may then be repeated. A relief valve set at
S psi, relieves pressure behind the top seal. A third relief valve,
set at 5 psi, relieves the fire chamber (C) on topr of the shuttle of
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any pressure until the fire valve is opened.
EXPERIMENTAL RESULTS

The results of the study are based on approximately 1000
shots which were made over a period of one year. The results that
follow are discussed in connection with the appropriate parameter.
Source levels are given in decibels referred to one pbar at one yard.
Here the term source level is the ratio, expressed in db, of the
largest peak-to-peak sound pressurc produced by the oscillation of the
bubble to the peak-to-peak value of the commonly accepted reference
standard of one-root-mean-square microbar (dyne per square centimeter).
The source level is computed by measuring from the largest positive to
the largest negative peak, dividing by the peak-to-peak sound pressure
of one rms microbar (2.83 microbars), and expressing this ration in db.

Sound Field

Representative recording of the acoustic pressure versus
time for the pneumatic sound WOX-1 and the PAR are shown in Figures L
and 5. The curves indicate that the initial pressure rises to a peak
value within 0.5 to 1.0 millisecond as the airbubble is ejected from
the chamber. As the bubble expands and contracts the acoustic pres-
sure in the water goes below hydrostatic, rises above hydrostatic,
decays below hydrostatic, etc. until all of the energy is dissipated.
As the depth increases the bubble oscillations produce an acoustic
pulse which approaches a damped sinusoidal wave. Curves of peak source
level versus depth are shown on Figure 6 for several types of sources.
The NOL pneumatic sound source WOX-l and the BOLT PAR, Model P-300,
operated satisfactorily within the depth range of 33 to 500 feet at
chamber pressures of 1000 to 2000 psi. With the exception of the
Lamont ‘Geological Observatory source Mk 4 the performance of the
remaining sources at depths in excess of 100 feet wos poor. The peak
acoustic level of the WOX-1 was 124 db and this level decreased to a
value of 122 db at a depth of 500 feet (chamber pressure of 2000 psi).
The peak acoustic level of the PAR (Model P-300) wvas 115 db at a depth
of 500 feet and chamber pressure of 1000 psi. At this pressure and
depth the peak acoustic level of the WOX-1 was 117 db.

Fundamentel Frequency of Acoustic Signatures
The fundamental frequency of the initial pulse of an oscil-

iating bubble, neglecting the action of gravity, may be expressed by
the following theoretical equation:

£ = 217 (a+33)°

(, V)3
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vhere fb is fundamental frequency of the initial pulse, 4 is source b
B ’ depth in feet, P, is chamber pressure in pownds per square inch and V, :
is the chamber volume in cubic inchee.l

— |

# : Curves of fundamental frequency versus source depth are
presented in Figure 7 for several pneumatic sources operated at pres-
sures of 1000 and 2000 psi. The data indicate that the fundamental
frequency of the pulse emitted by a pneumatic source may be expressed
by the relation:

£ = (K) (7)) (a+33)°/°

(o)

1/3
(2, v )Y

vhere K 1is a constant, which is dependent upon the design
characteristics of the source

Correlation of the field data with theoretical data on the frequency
versus volume for several depths and pressures indicate that the fun-
damental frequency of an ideal source operated at a depth of 500 feet ;
and chamber pressure of 2000 psi veries from 285 to 52 cps as the

volume is varied from 3 to 500 cubic inches.

Effect of Varying Chamber Pressure -and Volume at Constant Depth

The effect of varying chawber pressure is shown on Figure 8.
The source level is plotted as a function of chamber pressure for five
sources of different size operated at a depth of 66 feet. The source
level of the BOLT PAR (Volume - 3 cubic inches) and the Lamont source
Mk 2 increases by 3 db when the chamber pressure is doubled. The
source level of the large sources (chamber volume - 200 cubic inches)
increases by 4 to 6 db as the chamber pressure is doubled. At a
chamber pressure of 2000 psi, the source level of the BOLT PAR
increases by approximately 10 db when the chamber volume is increased
by a factor of L0,

Efficiency of Pncumatic Sources

Values of relative efficiency of several sources are listed
in Table 2 for various depths and chamber pressures. The data indi-
cate that the efficiency of each source decreases as the depth
increases when the chamber pressure is constant, For example the
BOLT PAR (Volume 121 inches) has an efficiency of 9.6 % at a depth of
50 feet and a chamber pressure of 2000 psi. The efficiency of this
source is 4.0% at a depth of 500 feet, When the depth is constant
the efficiency increases as the pressure increases within the
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operating pressure range of the source. The Lamont source Mk 4 has an
efficiency of 12.0% at a depth of 132 feet and a chember pressure of
2000 psi. This i1s the most efficient source tested at depths in excess
of 100 feet.

Table 2 Relative Efficiency of Pneumatic Sources

Source Chamber Chamber Source Efficiency
Volume Pressure Depth
(in3) (psi) (£t) (percent)
BOLT PAR 3 1000 33 17

500 200 4.0
1000 200 L.y
2000 200 5.0
BOLT PAR 121 500 50 5.0
Model P-300 1000 50 9.3
2000 50 9.6
1000 200 6.5
2000 200 T.0
2000 500 k.0
LAMONT MK & 22 2000 132 12.0
WOX-1 Loo 1000 200 3.7
2000 500 3.7

Source Level Content of Pneumatic Sources in 5 - 50 cps band

A typical narrow-band detection system is the Grand Turk
MILS array which contains six hydrophones in a pentagon at a depth of
approximotely 2800 fathoms. The outside diameter of the array is
40 nautical miles. Figure 9 is a plot of the terminal sensitivity of
the system. Hydrophore 101 (unit 1), which is connected to 182 miles
of cable, cuts off all frequconcies above 150 eps. The response of
this unit falls off at the ratec of about 18 db per octave at frequen-
cies above 75 cps. The response of hydrophone 106 (unit 6), which has
the highest frequency response falls off at the rate of 25 db per
octave at frequencies above 300 cps. The accurate computation of an
acoustic fix on sound created by an underwater source requires compar-
ison of arrival times for direct tranemission paths on at least three
hydrophones. The maximum horizontal range possible for a direct
sound transmiesion path is limited to about 17 miles from & hydro-
phone. For reiieble detection by the hydrophones, a sound source in
the center of the array should have a source level of 100 to 110 db
in the frequency band of 5 to 50 cps.

CONFIDENTIAL
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In order to simulate the response of the MILS system,
pressure-time curves of several sources Were played back through an
SKL, filter set for -a pass band of 5 to 50 cps. The source levels of
the resulting waves were computed according to the procedure described
previously. The BCLT PAR (Volume 121 cubic inches) and the NOL WOX-1
(Volume 436 and 40O cubic inches) were the two types which were oper-
able at depths of 33 to 500 feet and the source level content in the
5 to 50 cps band of these sources is plotted versus depth for chamber
pressures of 1000 and 2000 psi.in Figure 10, These data indicate that
for a given desired source level in the 5 to 50 cps band, the principal
advantage of a large chamber volume is that the source may be operated
at lower pressures at the deep depths without decreasing the source
level appreciably. The WOX-1 source will produce a source level of
110 @b in the 5 to 50 cps band at a depth of 500 feet, when operated
at a chamber pressure of approximately 1000 psi, whereas, the PAR,
Model P-300, must be operated at a chamber pressure of 2500 psi to
produce this level.

Characteristics of PAR Signals in MILS Array

For the tests of the PAR in the MILS Array no attempt was
made to obtain a quantitative measure of the sound level at the MILS
hydrophones. Observers at the Grand Turk Facility recorded the
arrival times for direct transmission paths on all hydrophones which
detected the PAR signals. The signals were easily identified on
three,or more hydrophones for all shots at ranges of 17 miles or
less., The locations of all the shots were computed from the arrival
times of the signals received on three or more hydrophones. The rela-
tive intensity of the PAR signals as a function of depth, range, and
chamber pressure is presented on Figure 1l1l. The relative intensity is
expressed in decibels which is the difference in maximm amplitude of
the incoming signal and the minimum noise level on the record. These
data confirm the results of the free-field measurements, which indi-
cate that the PAR signal strength in the 5 to 50 cps band decreases
a8 the depth increases from 200 to 500 feet.

CONCLUSIONS

The results of this study show that the PAR and the pneuma-
tic source WOX-1 will operate consistently at water depths of 500 feet
or less and generate a repetitive sound wave of amplitude of 110 db
within the frequency bvand of 5 to 50 c¢ps. The PAR is satisfactory for
use in tracking submerged submarines in arrays which require a high
intensity low frequency source.

The results indicate that tlie source level and frequency

content of a pneumatic source can be varied over a wide range by
varying the air volume and pressure.
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Pneumatic sound sources are less efficient than conventional
magnetostrictive and piezo-electric transducers are for generating
undervater sound waves. The acoustic efficiency of pneumatic sound
sources decrease as depth is increased if the chamber pressure and
volume remain constant and increase with increasing chanber pressure
if the depth and volume remain constant.

It 18 concluded that pneumatic sources are simpler and
superior to conventional transducers when used aboard a submarine to
generate repetitive low frequency sound waves of high intensity.

IG. M. Davidson and J. W. Brooks, "Acoustical Characteristics of
Pneumatic Underwater Sound Sources,” (U) LS Naval Ordnance Laboratory
Technical Report 64-51 (Conf) July 1964

2Jean Scoggin, "Acoustic Tests of PAR and SUBROC Water Entry," (U)
U. S. Naval Ordnance Laboratory Technical Report 64-123 (Conf)

July 196k

CONFIDENTIAL
8




i N
P

*posn wo3std 3dL3 modn quopusdsp ST SWNTOAx M *
:
Juras3TTI] m
PTORSSIYL I0 19938 2urI-o w
PIOUSTOg °*99TH SSaTUTe}S 99 0002 ©03 002 0°2 Gt Joqqny LG 2S-X0M TON
2uTIeS3Tay 9th
PIOUSaIyy I0 €0E o938 FuTI-0 pus
PToustog *03TI S89TUTB3S 006§ 0002 9% 002 o2 0l2 uoT3sg (004 *T-X0M TON
SutIedBTIy Zura~o Joquey)
PTIOYSSIqL 0201 To°93S 0086 0002 °3 006§ 0°'T o€ uoppuw 85T OT3=maud TON
quTo
PTOUSTOS °*O3THE 0201 T993S 00H 000T ©3 00§ o°'T (o] 4 19338 (0071 0-X0M TON
€0t To93s Putx 00£-d ToPH
o PIousTog *o9TH SSaTUT®,S (4144 0062 03 006G o°¢€ 002 sueyzemmirod TSI ¥va TIod
2 £0€ To@3g Zuix T 2d4g
2 PIOUSTOS °*O9THE ssaTutes3s §92 0002 03 006 0°¢ GT sueyamdhrog € wvd Iod
m PuteB8TIL 2909 LoTTV Sutz-0 f W
PTOYSsaIyy uma Ty €T 0002 °% 00§ 0°T (014 uoTIay = INOWVT
2a1x-0 € M
PIouaToS °O3Td 0207 Te93S 002 00S$ 03 002 0°'T 0ST  Ioqqny (0] 4 INOHVI
Juyof S Mm
PTOUSTOS °*O9TH 0207 19938 0ST 0002 0% 00§ 0°T 00T 19938 ™ IOV
jutol T M
PTOUSTOS *O9TH  O20T T993S 002 0002 ©3 00§ o't 00T 19938 002 TUOYT
(33) (8d) (sar) (¢5F)
3 yadsq aZuey s3eTuxL
m UOT3BTITUT Jo 3897, argsaxg ITY T®°s awnToA adAL
& Jo pousdy oopoﬁpwaoo W TXe Zutysxadp Jo *oy 3udreM  adLg Iquey) @2Ino0g
m §30IN0g JTJWMIUJ JO SOTISTISFOVIBY) TBOTUWHOI T 9Tq8Y




N PSS

BOLT ASSOCIATES PNEUMATIC
ACOUSTICAL REPEATER (PAR)

NOL PNEUMATIC SOUND SOURCE WOX-I|

Pneumatic sound sources

FiG.

UNCLASSIFIli'.g

ey

Ve N 5N g

SATANE et




ALe ///////////w%//////////

7
UMY N E
pr////// d
AL (O

N )

TFa g J <
ac
%Qm &5
] fsa)
= g0
< S0
ralls
(&}

7

)

7

L2/
[$3]

8
m
<
£

UNCLASSIFIED

WOX-iand 2.

d source

tic soun

Fis. 2. NOL pneuma




- -

Davidson
UNCLASSIFIED

SUPPLY IN

| RETURN SOLENOID
x / VALVE
TRIGGER SELENOID
FILL SOLENOID I VALVE
VALVE \ 1 //
i

. A7

Yl l

s

N

NN

/7
77
0 el
; A / f,/ N 2\\_—
Z/S ; /\\ ' REAR SEAL
AR N
| /\ :B, A /j\;—SHUTTLE
Y, ’ NV,
QU8 P 1Y
SN\

N\

“\—FRONT SEAL

x\—RETURN SHAFT
\ EXHAUST PORTS

77

T T 7L T e

A AT A P A A A

N NN

NN

LOWER Housme—/& w\\\b
NN
N AN

\—RELIEF VALVE

Fie. 3. Bolt Associates pneumatic acoustical repeater.

UNCLASSTFIED
12




13

1-XOM 232in0s punos dljownaud 30 ainjoubls 214snody b ‘ol

UNCLASSIFIED

i . ; d
k BRI Hi
' -_a. [ w !
* [ H L]
" “m_ __wu_ Log!
+ 1
' L { ¢ HER “ m”
RN R L Foe
IRRN IREER Lo 2
RERE o1 8
| AR EN 8
A N N &
X _ Dl m : - ey, e o Y314 sdd 05-§
! _. | ; i i _ : ' lol @ HONOYHL G3Y34Nld
| w i i SRR i = 3NOHJOEOAH
| m Ppabig “ﬁ AOH4 IVNDIS
! i 1] ; iyl Ve
i pbba b i NEERERE 'l qpgals 0 U
“ m . t m _ m . . ADACA O_J l._r " _ M “ | . qp2! _ . T m . "-On
I o P b [ P P
_ 'S 3 0002- 3UNSSIUd  HIBWVHO m Co i bro i et
"] NI TO9EY-3NNTI0A WIBNVHD 4 § P 1t b m ' ! og.
1334 66 ~ H1d30 | _m._ " e
: TERE Ly ""_ . roe
8 by R __ E Lo
m ] IR I i y ! o ol
m.m ! n_ "\Ir"\h\/ . Ly P33
,& [92] J ' ! Hﬂ
m il “ i 1333 € 1V INOKJOBOAH
{ H
[&] ' _ _ﬂ u IO—”N
5 Py P _ 6218
il N 0212
! : ! L
; i ! _ ". + 0€
! 1 !
_ Py i 7
| RERRRIRREREENS &




J3}padaJ |pO1§snodp oijpwnaud jo ainjoubls olysnody ‘G "9I5

POl ————

—Sl

(1Sd) 3UNSS3Y¥d

Davidson

1'Sd 0002 - 3¥NSSIHd HIGWVHD
‘NI'ND 121- 3WN10A Y3IBWVHD
! 1334 06¢ - Hlid3Q

qp ezt

-4
UNCLASSIFIED

{1Sd) 3uNSS3yd

14

UNCLASSIFIED

43104 SdD 0S-6
HO9NOYHL Q3¥3L4
INOHJOHAAH

WOYd TIVNOIS

14 € 1V 3NOHJONYAAH




P M R U S C et A Gl b At s o LR A s e NP - Cone LA LA

wm\
"yidap sA s804no0s olppwnaud Jo [3A9) 801n0g ‘g 914 m —

L1334 - H1d43d 324N0S Q

3

00S 00% 00¢ 002 oSl 00l 06 08 0L 09 0S O 0¢ 02 m_o ol m

D 1 1 T T T
o/ 1s5d0001 - 38NSSIUd HIGWYHD
N A
= 0 o <0 S0l 2
/GI//O 5
ol o
m
[ SN ey 2N k vquy 2N — q _.n“—
Bwn e & S E— sl 5
—o m
g .m//lrﬁ 5 5
o —} L3 02 o
C =
m _ GOl
T [ | <
—O—__| 1560002 - 3YNSSINd MIGWVYHD =
S A \\%er\ \- o: U
Z XN INOWVT () Y% —) &
b XN LNOWVYT ¥ e
00£-d 1300W Y¥vd 1108 © 1 s -
1 3dAL ¥vd 1108 O —V Y \% V &
b DﬂmﬁT — + ° - *
K 0
S [ - ford

UNCLASSIFIED




: X4

Davidson
UNCLASSIFIED
CHAMBER PRESSURE
1000 PSI 2000 PSI
O o BOLT PAR MODEL P-300
O NOL WOX- |
O || BOLT PAR TYPE |
AN A LAMONT MK 4
—_— THEORETICAL VOLUME 500 CU. IN.
200
]
g 4
100
)4
é’ 30 pdlpd e
>'_ 70 <] asl — e Jof /,/
2 60 T o A P4 /
w
LIJ /.’ T ,7
o L e
NESEN A ISP
2 [ [ 4/ 7)/ -
- P d
UZJ 30 / // /’
<2I ( /()/ / //'/
‘% / L.~ 1
] / ’é/ ///
L 20 /’ 1& P
_G 7/\/ ] ’//
/ / ’//
2 / .
15T — -
‘// -r”
‘%o 40 50 60 70 8090100 150 2Q0 300 400 500

SOURCE DEPTH - FEET

Fie. 7 Fundamental frequency of pneumatic sources vs depth.
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